Multiphase Gibbs ensemble Monte Carlo simulations were carried out to compute the free energy of swelling for Na-montmorillonite and Na-beidellite interacting with CO 2 and H 2 O at pressure and temperature conditions relevant for geological storage aquifers. The calculated swelling free energy curves show stable monolayer and bilayer configurations of the interlayer species for Namontmorillonite, while only the monolayer structure is found to be stable for Na-beidellite. The calculations show that CO 2 is intercalated into hydrated clay phases at concentrations greatly exceeding its solubility in bulk water. This suggests that expandable clay minerals are good candidates for storing carbon dioxide in interlayer regions. For Na-beidellite the CO 2 molecule distribution is mainly controlled by the position of the isomorphic substitutions, while for Namontmorillonite the presence of the hydrated sodium ions plays an important role in establishing the CO 2 distribution.
Introduction
Burning of fossil fuels releases large quantities of CO 2 , a greenhouse gas, into the atmosphere, and there is compelling evidence that this is having a significant impact on the global temperature. 1 Sequestration of CO 2 in deep underground sedimentary layers is an approach widely suggested to reduce greenhouse gas emission. 2 In this approach, supercritical CO 2 (scCO 2 ) would be injected into deep rock formations. Successful sequestration depends on cap rocks being impermeable to CO 2 . Cap rocks and host rock matrix can be enriched with swelling clays (smectites) such as montmorillonite and beidellite. The interaction of scCO 2 with hydrated smectites results in intercalation of CO 2 into interlayer regions. [3] [4] [5] [6] Montmorillonite (MMT) and beidellite (BEI), which is a less common smectite clay mineral, are layered 2:1 dioctahedral phyllosilicates comprised of octahedral (O) sheets sandwiched between tetrahedral (T) sheets giving a TOT structure as show in Figure 1 . In the absence of substitutions, the T sites are comprised of SiO 4 7, 8 In natural samples of MMT, some substitutions can also occur in the T and O sheets. Similarly, in natural samples of BEI, some substitutions occur in O sites. However, for simplicity we consider the ideal substitutions described above. This allows us to study the effect of location of the negative charges, exposed directly to interlayer species or screened by the silicon-oxygen polyhedra, on swelling behavior. Other factors affecting swelling behavior include the size and charge of the interlayer cations, 9,10 the positions of the hydroxyl groups in the octahedral layer with respect to the vacancies in octahedral sites, resulting in cis-vacant or transvacant smectites, 11 and the magnitude of negative charges on the clay sheets. 8 The expansion of smectites due to exposure to water and CO 2 improves the sealing properties of cap rocks, whereas shrinkage could lead to fracturing and undesirable release of injected CO 2 into the atmosphere. 4 Figure 1. Smectite structure containing TOT sheets, counterions, and intercalated water and CO 2 molecules. The color coding of atoms is: purple, red, white, grey, yellow, pink and green for Na, O, H, C, Si, Al and Mg, respectively.
The swelling of smectite clays due to water intercalation is well understood from previous studies with emphasis on montmorillonite as one of the most abundant smectite minerals, [12] [13] [14] [15] [16] [17] [18] [19] [20] while beidellite has received less attention. [21] [22] [23] Previous calculations on MMT indicate that at equilibrium water can form a monolayer with basal d 001 -spacings ranging from 11.5 to 12.5 Å (the 1W hydration state) or a bilayer with basal d 001 -spacings ranging from 14.5 to 15.5 Å (the 2W hydration state). 20, 21, 24, 25 The relative stability of the 1W and 2W hydration states depends on the type of interlayer ions. 26 In this work "1W" and "2W" are used, respectively, to refer to the monolayer and bilayer configurations of interlayer molecules for both the pure water and for CO 2 /H 2 O mixtures.
Smith used Monte Carlo simulations to investigate the swelling of hydrated Cs-MMT and to
calculate the immersion energy to establish the hydration state corresponding to the global free energy minimum. 26 The minimum was found to be consistent with the experimental result. 27 The interaction of carbon dioxide and simple hydrocarbons with hydrated swelling clays has been studied using computer simulation methods. The goal of the present study is to characterize intercalation of pure carbon dioxide, pure water, and CO 2 /H 2 O mixtures into Na-MMT and Na-BEI at two (P, T) conditions, one relevant to the geological carbon storage via injection of scCO 2 and the other corresponding to exposure of clay to CO 2 in the gas phase. Na-MMT and Na-BEI have different localization of the negative charges in their mineral layers allowing us to study whether this is an important factor in CO 2 uptake. The simulations employed the Gibbs ensemble Monte Carlo (GEMC) method 44, 45 
Computational Details

Swelling thermodynamics
The thermodynamics of swelling of layered materials was outlined by Diestler et al. 46 and Bordarier et al. 19 As shown in those publications, the internal energy of a slit micropore can be expressed as: = + µ + ** , -* + ,, -* , + --* , -+ -* * , * + -, * , , .
(
where T, S, µ, N, ii , ij (i,j = x,y,z) are, respectively, the temperature, entropy, chemical potential, number of molecules, and normal and shear stress terms. s i and l i are Cartesian components of the micropore depicted in Figure 2 . Taking into account only the normal stress term in the z direction, the free energy, F, and isostress free energy , F, are defined as
where A is the surface area of the slit. Thus the difference in the swelling free energy for change in wall separation Δs z can be written as
By using equations 1 and 4, eliminating the x and y directions, and also considering the fact that P and T are fixed at phase equilibrium, gives 
where ' zz is the applied constant stress. By eliminating the isotropic part of the stress (bulk pressure) from the stress terms, the equation can be converted into a pressure based equation
where P zz (s' z ) and P' zz are the slit normal (disjoining) and the applied pressure, respectively. Equation 6 has been used by Smith 26 and by Botan et al. 43 to calculate the free energy of swelling as a function of the distance between layers.
Gibbs Monte Carlo Method
The use of the multiphase Gibbs approach to study equilibrium of multi-component systems is well-documented in literature. [47] [48] [49] [50] [51] [52] Lopes and Tildesley 47 evaluated the multicomponent GEMC approach to calculate two-phase, three-phase and four-phase equilibria. Kristof et al. 50 applied the approach to the three-component, CO 2 -water-methanol system at high pressure conditions, obtaining good agreement between the results of their simulations and the experimental data.
The Gibbs ensemble Monte Carlo (GEMC) method 44, 45 uses separate boxes for each phase to calculate the phase equilibrium for a target (P,T) condition and to achieve equivalence of chemical potentials of interacting species. The algorithm employs three basic trial moves: particle displacement, particle exchange, and volume change. The displacement moves include a transitional or moves in a single box to satisfy temperature equilibrium. The exchange moves involve deletion of a particle in one box and its insertion into another box, to assure chemical potential equilibration.
The volume moves expand or contract boxes to fulfill the pressure equilibration. Figure 3 shows the simulation setup with three boxes representing water, carbon dioxide, and clay phases. 
Models and Force Fields
In this work, we used Na-MMT and Na-BEI clay structures with the stoichiometric chemical 
The bond stretch (E Stretch ) potential term is employed only for the hydroxyl groups of the clay layer and is taken to be harmonic.
Simulation methodology
The NPT-GEMC method was applied to the ternary clay-H 2 O-CO 2 43, 58 data, and also to provide a reference for the subsequent simulations of the ternary system. In the MC simulations of the Na-MMT and Na-BEI phases, 4 x 3 x 2 (20.8 x 27.6 x 2h Å) supercells, requiring 18 counterions for neutrality, were employed. Calculations were carried out for d 001 -spacings, h, ranging from 9.5 to 18 Å in steps of 0.5 Å to cover separations ranging from nearly dry clays to the interlayer distances corresponding to the 3W hydration state. For spacings >3W, the behavior of interlayer species becomes similar to that in the bulk. [12] [13] [14] [15] [16] [17] [18] [19] [20] The MC simulations were carried out for 2x10 5 equilibration cycles, followed by 1.5x10 5 production cycles. Each cycle consisted of 818 attempted moves, including volume exchange, configurational-bias interbox and intrabox molecule transfer, molecule regrowth, translational, and rotational moves. [59] [60] [61] Exploratory calculations were carried out to determine optimal probabilities of the various types of moves with the initial values being 0.5% volume exchange, 39.5% configurational-bias consisting of both interand intra-box moves, 10% regrowth, and 50% displacement, including translational and rotational moves. During the exploratory simulations, the probabilities of different moves and the components in the boxes were adjusted to ensure that the calculated chemical potentials of water and CO 2 in the various phases agreed to within the standard deviations. The positions of the atoms in the clay layers were held fixed, while the Na + ions were allowed to move within the interlayer space. The H 2 O and CO 2 molecules were allowed to migrate between the "H 2 O-rich", "CO 2 -rich," and clay boxes. The cut-off radii for the non-bonded van der Waals interactions and for the real-space part of the Ewald summation of the electrostatics were chosen to be 9.5 Å, with switching distances starting from 6.5 Å in the Ewald summation. Standard deviations of all ensemble averages were determined by the standard block average technique. 62 The NPT-GEMC simulations were carried out using the Towhee simulation package. 63 In addition to the GEMC simulations described above, The radial distribution function (RDF) for species B around species A was calculated using:
where r B is the number density of species B, and DN A-B is the average number of type B particles lying in the region r to r + Dr from a type A particle. N A-B is the coordination number for B around A.
The diffusion coefficients of the interlayer species were calculated using the Einstein relation and equilibrated atomic trajectories from the NVT ensemble simulations with 1 ps sampling to evaluate the mean square displacement of the species of interest:
where N m is the number of the species averaged over, and r j (t) is the center-of-mass position of the jth species at time t. The averages were over 5 ns trajectories. The diffusion coefficients were derived from the linear slope of the mean square displacement as a function of the simulation time. Different restart points in the analysis were used to monitor convergence. Table 1 compares the CO 2 mole fractions and the densities of the CO 2 -rich and water-rich phases of the two-phase water/CO 2 and three-phase water/CO 2 /clay systems. In the latter case, calculated results are reported for both Na-MMT and Na-BEI at d 001 = 12.5 Å. 43 Similar mole fractions of CO 2 are found in the CO 2 and water phases of the three-phase systems as for the water/CO 2 two-phase system. Also, the densities calculated for the water-rich and CO 2 -rich phases are nearly identical for the two-phase and three-phase systems. Most significantly, the concentration of carbon dioxide in the clay phase coexisting at equilibrium with the CO 2 /H 2 O binary system greatly exceeds that in the bulk water-rich phase. intercalated molecules and provides a common origin for the swelling free energy curves. From the profiles, it is seen that in the absence of water, intercalation of CO 2 is highly unfavorable thermodynamically. For Na-MMT-CO 2 the minimum at 12.5 Å is about 10 kcal/mol/nm 2 less stable than that at 9.5 Å, i.e. the 0W hydration state. This result is consistent with experimental studies that show that carbon dioxide does not intercalate into MMTs in the absence of water. 3, 30, 68 Our calculations also show that, in the absence of water, intercalation of CO 2 into Na-BEI is even more unfavorable than into Na-MMT.
Results and Discussion
Monte Carlo simulations
For the intercalation of pure water into montmorillonite, two minima corresponding to 1W
and 2W are identified with energies below that of 0W. The stability of the 1W and 2W states is a consequence of ion hydration and hydrogen bonding between the intercalated water molecules and the basal oxygen atoms. 8 The existence of two stable hydration states of Na-MMT is supported by previous studies. 27, [69] [70] [71] [72] The present calculations predict the 2W hydration state to be more stable than the 1W hydration state as found in earlier MC simulations 29, 73 For pure water in Na-MMT, the barrier for going from the 0W to the 1W state is calculated to be about 10 kcal/mol/nm 2 and is relatively insensitive to pressure. In contrast to Na-MMT-H 2 O, Na-BEI-H 2 O does not have a stable 2W state ( Figure 5 ). The inability of Na-BEI-H 2 O to swell beyond 1W has been documented in the literature, 74 and factors responsible for this behavior will be discussed later in Section 3.2.
The swelling free energy curves for the clay systems with intercalated binary H 2 O-CO 2 mixtures display trends similar to those for pure water (Figures 4 and 5 The calculated mole fraction of CO 2 as a function of the basal d 001 -spacing of Na-MMT and Na-BEI is reported in Figure 6 . In both systems, there is a pronounced peak in the CO 2 mole fraction at a d 001 -spacing corresponding to the 1W state and a second weaker peak (or shoulder) at a distance corresponding to 2W. Experimental studies of Na-and Ca-MMT 3, 68, 75 have shown that the maximum expansion of the interlayer due to CO 2 exposure occurs at the sub 1W hydration state.
Increasing the pressure causes an elevation of the CO 2 concentration in the interlayer region, with the increase being greater for Na-MMT than for Na-BEI. For both Na-MMT-CO 2 -H 2 O and Na-BEI- 
Molecular dynamics simulations
The Na-MMT-CO 2 -H 2 O and Na-BEI-CO 2 -H 2 O systems at d 001 -spacing of 12.5 Å (1W) and 15.5 Å (2W) equilibrated in the GEMC simulations were further characterized by molecular dynamics using the NVT ensemble. In particular, the MD simulations were used to calculate the structural and transport properties of the interlayer species. The Na-BEI-CO 2 -H 2 O system at d 001 = 15.5 Å does not correspond to a free energy minimum and is considered primarily for comparison with Na-MMT-CO 2 -H 2 O at the same d 001 -spacing. In an earlier paper, 36 we reported the d 001 -spacing of Na-MMT as a function of the number of water molecules at fixed numbers of CO 2 molecules per unit cell in order to estimate the effect of CO 2 intercalation on the interlayer distance of Na-MMT-CO 2 -H 2 O. It was deduced that the addition of 0.2-0.3 CO 2 molecules per unit cell led to an expansion of the d 001 -spacing by ~0.5-0.6 Å. In experimental studies performed at elevated (P,T) conditions the maximum expansion of Na-MMT upon interaction with dry scCO 2 was found at an initial d 001 -spacing below 11.5 Å, which corresponds to a sub-1W state of hydrated Na-montmorillonite and was capped at a d 001 -spacing equal to about 12.5 Å suggesting that expansion due to interaction with scCO 2 can be as much as ~1
Structural details of the interlayer species
Å. 3, 6 Further, Loring et al. 75 estimated that the maximum CO 2 absorption in the interlayer of Naexchanged MMT occurs at water concentrations close to the transition between 0W and 1W hydration states. Thus, the values of the equilibrium concentrations of intercalated CO 2 predicted in this work appear to be somewhat underestimated.
In contrast to the density profiles of O w and Cco 2 , the density profiles of Na + are quite different for Na-MMT-CO 2 -H 2 O and Na-BEI-CO 2 -H 2 O. Since the major difference in these two phyllosilicates is the location of the negative charge in the mineral layers, we conclude that this is an important factor determining the sodium ion distributions. For the d 001 = 12.5 Å case, the Na + density distribution is bimodal for both Na-MMT and Na-BEI. However, for Na-BEI, the positions of the peaks are shifted closer to the basal surfaces as a result of preferential coordination of sodium cations at the middle of the hexagonal rings formed by the silicon-oxygen polyhedra with isomorphic substitutions. 36 Effectively, the peak shift reflects a change from predominantly Na + "outer-sphere" coordination with water in case of Na-MMT to "inner-sphere" adsorption at the internal clay surfaces for Na-BEI where basal oxygens participate in the first solvation shell of sodium ions. Intercalation of carbon dioxide disrupts the water network 32 and also causes the Na + ions to be displaced toward the clay surfaces. 36 In the 2W state of the Na-MMT-CO 2 -H 2 O system, the Na + distribution peaks at the middle of interlayer. However, for Na-BEI-CO 2 -H 2 O, it is split into three peaks, with two more pronounced peaks corresponding to sodium ions adsorbed at the surfaces and a weaker central peak corresponding to Na + ions more fully solvated by water molecules. The surface-adsorbed Na + ions have in their first "solvation" shell both basal oxygens of the ditrigonal rings and interlayer water molecules. Additional information on the solvation structure of the ions can be gained by examining the radial distribution functions (RDFs) for atomic pairs of interest. Figure 8 reports the RDFs for the sodium ion -water oxygen pair computed for Na-MMT-CO 2 -H 2 O and Na-BEI-CO 2 -H 2 O at monolayer and bilayer arrangement and P = 125 bar. Figure 9 depicts the corresponding RDFs for the sodium ion -basal oxygen pair. Additionally, cumulative number RDFs, i.e. the average number of atoms within a distance, r, were calculated.
For the monolayer arrangements of Na-MMT-CO 2 -H 2 O of Na-BEI-CO 2 -H 2 O, the Na + ions are hydrated on average by 4.0 and 3.6 water molecules, respectively. On the other hand, the average number of basal O atoms directly bonded to the Na + ions is 1.2 for Na-MMT, but 1.9 for Na-BEI.
Thus, the total Na + coordination numbers in the monolayer case is about 5.3 in both cases. For the bilayer (d 001 =15.5 Å) of Na-MMT-CO 2 -H 2 O the Na+ ions tend to be coordinated by water molecules alone, achieving on average a coordination number of 5.5. On the other hand, for Na-BEI-CO 2 -H 2 O in the 2W state, the average Na + coordination number, 5.7, derives from 4.3 of water oxygens and 1.4
of basal oxygens ( Figure 9 ). A simulation of sodium ions in bulk water using the same (P,T)
conditions and force fields as used in the clay simulations gives an average Na + coordination number 5.6 for the first hydration shell, essentially the same as that calculated for Na + in the bilayer in Na-
MMT. Experimental studies of Na + in bulk water lead to Na + coordination numbers in the range 4.4-5.4 76, 77 consistent with the results of CPMD simulations 78 which give an average coordination number of 4.9 at 300K. Thus, it appears that our simulations tend to slightly overestimate the average number of water molecules coordinating the Na + ions. This probably reflects a deficiency of the force field used in the simulations. In Na-BEI the strong electrostatic interaction between ions and the surfaces makes it more favorable for the cations to be adsorbed at a surface than to be located at the middle of the interlayer.
In Na-MMT, in which the negative charges are screened by the T sheets, the Na+ ions are more stable near the center of the bilayer where they are essentially fully hydrated. Suter et al. 21 explored the thermodynamics of Li + , Na + and K + -montmorillonote and beidellite using ab initio molecular dynamics. These authors found that smectites with the free energy minimum in the middle of the interlayer for bilayer swell to the 2W hydration state with the ions forming a full hydration sphere. In Pyrophyllite is a 2:1 dioctahedral phyllosilicate without charges on the mineral layers and, hence, no interlayer cations. The density map for pyrophyllite is included to provide additional insight into the effect of interlayer ions on the CO 2 distribution. For Na-MMT-CO 2 -H 2 O the distribution of CO 2 molecules is distinctly different in the monolayer and bilayer arrangements.
For the monolayer of Na-MMT-CO 2 -H 2 O, the density map reveals that the CO 2 molecules are non-uniformly distributed with respect to their XY coordinates and tend to conglomerate as represented by the dark regions in Figure 11 . Analysis of distributions computed over various time frames shows that the clustered carbon dioxide molecules move over time in the interlayer. Migrating CO 2 clusters persist even in simulations carried out as long as for 50 ns. However, it is expected that averaged over sufficiently long times, the structure would smear out. The formation of CO 2 conglomerates in clay monolayers is supported by other studies that speculated that CO 2 enters the sub-1W interlayer "by pushing the structural units apart". 4 80 Palin et al. 81 using Monte Carlo simulations show short-range Al-Si ordering across the tetrahedral sheets of muscovite that depends on the Al:Si ratio and temperature. So, the ordering calculated in T sheets of muscovite supports the ordered placement of isomorphic substitutions in T sheets adopted in this work. In a previous study, we also found conglomerate formation of CO 2 for both Na-and Ca-MMT. 35 Thus, this behavior is not limited to clays with Na + ions.
We hypothesize that the interlayer ions facilitate CO 2 conglomeration in the monolayer of the clay systems by "tying" up water molecules. To investigate this possibility, a simulation was conducted on pyrophyllite using the equilibrium CO 2 /H 2 O compositions computed for monolayer of Na-MMT-CO 2 -H 2 O at P = 125 bar. The resulting density distribution map, depicted in Figure 11 ,
shows that CO 2 develops a periodic pattern reminiscent of ditrigonal rings of the basal surfaces.
Thus, in the absence of interlayer ions, the tendency of CO 2 to conglomerate is suppressed, and its distribution is determined by the basal atoms of adjacent internal clay surfaces. In a previous paper devoted to turbostratic smectites, we showed that a rotational shift of one adjacent clay layer relative to the other creates Moiré patterns consisting of basal atoms. 35 Those patterns play a role in determining the distribution of interlayer species including carbon dioxide.
The distribution of CO 2 in the monolayer of Na-BEI-CO 2 -H 2 O (Figure 11 ) is particularly striking. The CO 2 molecules are clustered in the regions defined by the positions of the isomorphic substitutions in the T sheets (depicted by blue dots in Figure 11 ). CO 2 clearly tends to locate in the areas away from the charge originated from the substitutions, while the interlayer space near substitutions is occupied by water and hydrated cations. In the bilayer, the CO 2 density profile displays two-peaks ( Figure 7 ) implying that the CO 2 molecules are exposed to the internal surfaces at the comparable distances as in monolayer. Indeed, the corresponding distribution map (not shown) also reveals localized density regions controlled by the substitution positions, however, the structure is more smeared than in the monolayer Obviously, in natural samples the substitution pattern could be irregular, and the CO 2 distribution would be more complex than shown in Figure 11 . Nonetheless, the location of the layer charges in Na-BEI is a key factor in determining the CO 2 distribution in monolayer and bilayer. In Na-BEI-CO 2 -H 2 O the CO 2 motion is significantly restricted compared to the more mobile CO 2 conglomerates in Na-MMT-CO 2 -H 2 O. To quantify the transport properties of the interlayer species, diffusion coefficients were calculated and analyzed for both clays. Table 2 reports the computed diffusion coefficients for the interlayer species in Na-MMT, Na-BEI, and bulk phases obtained in this work and in other studies 40, [82] [83] [84] [85] as well as from experimental measurements on similar systems. Both 3D and 2D (xy) values of the diffusion constants are given. In general, the diffusion constants for lateral motion of interlayer species are about 25-35% greater than those computed for 3D motion. As expected, the diffusion coefficients for CO 2 , H 2 O, and sodium ions increase in going from monolayer to bilayer arrangements, with the bilayer values being 5-10 times larger than the corresponding monolayer values. For Na-MMT-CO 2 -H 2 O the diffusion coefficients computed in this work are systematically higher than those calculated by Botan et al. 40 (Table 2 ). This is attributed to differences in the force fields used in the two works.
Diffusion of the interlayer species
Nevertheless, the calculated values of the diffusion constants of water from the two studies are close to the experimental result obtained using QENS spectroscopy. Also, our calculated diffusion constant for lateral motion of H 2 O in Na-MMT is comparable to that measured for water in the interlayer region of Na-hectorite 82, 83 (a trioctahedral smectite with isomorphous substitution in the octahedral sheet that displays swelling properties similar to those of MMT). 
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IV. Conclusions
Molecular dynamics and multiphase Gibbs ensemble Monte Carlo simulations were carried out to study adsorption of carbon dioxide and water in the interlayer regions of Na-MMT and Na-BEI. The free energy calculations indicate that intercalation of pure CO 2 into the clay interlayers is not favorable, while pure H 2 O adsorption may occur naturally at the (P, T) conditions relevant to carbon sequestration in deep geological formations. For Na-MMT-CO 2 -H 2 O the free energy of swelling shows two minima corresponding to monolayer and bilayer arrangements of the interlayer species, whereas for Na-BEI-CO 2 -H 2 O the expansion of the interlayer is limited to monolayer for both pure water and CO 2 /water mixtures. This is a consequence of the strong interaction between the cations and the negatively charged clay layers. Not surprisingly, in the monolayer region of smectite clays, the mobilities of all interlayer species: water, CO 2 , and Na + are significantly retarded compared to the bulk phase. The corresponding diffusion constants in the bilayer regions are significantly less reduced compared to their values in bulk water. The most prominent reduction in mobility is found for CO 2 and Na + in Na- 
